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Abstract

We will present an analysis for different emittance
growth mechanisms for electron beams in photoelectric
injectors. The msachaniams wll be broken up into three
groups: space-charge forces due to self-similar expansion,
space-charge forces due to non-self-similar expansion
t{including divergences and convergences of the beam), and
rf forces. We wll show that some of the emittance can be
eliminated downstream, ovarticularly that of the first
group. General design considerations will become clear
from this analysis and a generic design will be presented.
In addition, a photoelectric injector design for both the Los
Alamos National Laboratory XUV FEL and a compact
free-electron laser (FEL) will be used to show numerical
agreement with the analysis.

Introduction

One of the most important recent improvements in
electron accelerator bnghtness is the introduction of
photoelectric injectors.! A photoelectric injector consists of
& laser-driven cathode in an rf cavity, followed by more rf
cavities that provide extremely quick acceleration ®
multiple MeVs, Instautaneous peak currents of bundreds
of amperes to kiloamperes is possible from the cathode so
further bunching is not necessary. Computer simulations
of photoelectric injectors have shown very low uansverse
emitt: -es, for example, normalized 90 emittaaces of 20
smmurad for a 20-ps, 400-A beam.,? Typical results
show that emittances are one-‘snth or less thaa those
expected from thermionic cstbodes with coaventionel
velocity bunching o obtain the same amouat of peak
current. Obviously, a significant reduction in emittance
growth (s expected with the photoelectric injector because
of the removal of the long, low-voltage drift. This
improvement can be easily estimated from weil-known
formu.ae for emittance growth,’ which show the emittance
grows like
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for some constant k. However, the calculated emittance
using these formulae is much greater than one would
expert; in fact, for a caso examined lat.r in this paper, the
emittance is only one-third that pred.cted by the formulae
from Ref. 3. In this paper, we will explain this discrepancy
by showing that a different physical mechanism available
for emittance reduction is po.sible for the photoelectric
injector but not for conventional thermionic injectors. Thia
mechanism is able to remove correvisted emittance
tvariailons in the transverse phase space corralated with
longntudinal position) if there has been no substantial
longitudinal mizing of the panicles. In a thermionic
injector, longitudinal mixing occurs because of the veiocity
hunching required to obtain high peak currents ( > 100 A),
hecause the rathodes are only capable of producing tens of
amperes instantaneous current. This longitudinal mixing
effecuvely thermalizes the beam, removing the
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correlations. Radial mixing is also undesirable but not s
disastrous, as we will see later. In addition, we will snew
that the injector and the acceleiator are intmate.y
connected by this mechanism and cannot be separa‘ed.
Thus, one should not view the injector as a separate [-ont
end of the accelerator beamline up to 10 or 20 MeV but
rather as only one injector-accelerator integrated
structure. For the purposes of this paper, the term injector
will include the entire beamline from the cathode o the
target device that the accelerated beam is meant tortin our
examples, this is a free-electron laser oscillator).

In the next sectica we will discuss varnious mechanisms
responsible for emittance growth. This discussion will be
separated into four parts. In the first part we will review
the linear space-charge emittance growth and reduction
mechanism for a nonaccelerating drifting slug beam with
focusing.? This simple model is useful because it 1s the only
special case whose solutions provide a clear physical
interpretation. In the next two par.s, the ettects of rt
acceleration and rf focusing will be included for the linear
space-charge mechanism. Finally, noniinear space charge
and nonlinear and time dependent rf effects will be
accounted for. In the last section, simulations from a Lus
Alamos National Laboratory photoelectric injector will be
presented to show numerical agreement with the analysis.

Emittance Analysis

There are four mechanisms in the injector that

contribute to emittance growth:

® Linearspace charge

¢ Nonlinear space charge

¢ Noalinear time-independent rf

¢ Lineartime-dependent rf
We will examine each of these mechanisias. From the
examples in the last section of this paper, we will see that
the first machaniam will dominate in general, contributing
emittances three times as large as taose combined from the
other mechanisms. However, we will see that if there 1s no
longitudinal mixing, we can, in principle, completely
eliminate it and the resulting emittance is due primarily W
a tradeoff between the second and fourth mechanisms. The
first three parts in this section will examine the linear
space-charge mechaniam in detail; a review of previous
work will be followed by introducing rf acceleration and rf
focusing into the model. The last three mechanisms wiil be
studied together in the last part.

Linear Space Charge

In this part, we will review an analysis of the linear
spr ce-charge mechaniam fur a drifting slug beam (iven in
a previous paper ‘) and obtain an expression for the beam'’s
emittance as a function of position. We will postpone
defining what we mean by linear space charge until kg 1),
a discussion will follow,

In ¥ig. | we see a typical emittance piot as a function of
distance down the linac for a typical simulation tor an 3
nC, 20 pa bunch in a 1.3 GHz phowinjector. We see 1n

immeadiate emittance growth w nbout 1L cmim mread
nnd subsequent reduction Ww a mummum of about U
cmm mrad at a location zr downstream. The location 1
rrcan be pushed far nway arbitranly; at nsutficsntly high
energy there 1s sssentially no emittance growth atter "t
location. We will show how this emittaree groneth
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Fig. 1. (a) Typical emittance plot as a function of

distance down the linac for an 8-nC, 20-ps pulse in a
1.32-GHZ photoinjector; (b) Drifting slug-beam internal
coordinate system.

reduction occur with a gsimpie model. We will study a
drifting slug beam (Fig. 1); the effects of rf acceleration and
rf focusing will be shown to be a variation in the deflnition
of the normalized space-charge force mi, the distunces z
and z,, and the initial size and divergence of the slug. For
convenience, we will also define an internal coordinate
system p and ( to indicate different points in the slug beam,
with p = r; deflning the initial radial size. In Fig. 1 we
define points B to represent the axial sdges for p = v, and
points A to represent the center forp = r;. We let the slug
beam drift fiom a cathode at position z = —z, to alensat z
= 0 and a distance z after the lens. We have shown in the
earlier paper that the 'ena can reduce the emittance.

First, we will examine the effect of constant space
charge. Wa will call this the weak focusing limit. This
case with zero initial bewm divergence has a solution that
is consistent with a weil-focused beam downstream, which
13 nov true in general. We assume the space-charge force
mLim s the electron rcst mass) is a function only of p and
<and not uf z. The edge of the beam iniiially at location (r,,
O willvbey

roon, e, uzbe
and
rU e e

!

at the lens. [f we define the focal length ! 4, of the linear
lens atz = 0 to be

at z for all positions p and . in the siug thus. 4l .n:s
locatinn, the emittance from the linear space charge has
been reduced to zero.

The unnormalized rms emittance, defired as

e =2 Ver><ris>acrr>?

where the brackets refer to averages over the beam and r’
= drdz, will obey

A E<B><pt > = KW (2r)2y v2 -6, P

With the separation of the two terms, it is clear that
laminarity is not required, or

Lip.Cy) = lpipy) dipy L)

in general. However, some degree of laminarity is needed
0 meet the similar expansion requirement, Eq. 2!
Solving for the emittance rather than i, expliatly .s
superior because the solution for a; drops out
conveniently.*

To maintain similar beam expansion, we don't want the
beam to expand too much or go through a crosgover [n this
particular example,

ll +2 1 2 ]
flp.Q = ;_1 Ao, Qu - 7)) - 'Zr‘)]

Thus if z < 2.y, then the beam has a crossover before the
minimum emiciance position and if z > z.,,, then thereisa
waist before it, where we let

Zeryd = 212 + 2"0 A (B Y]

(A can be considered roughly constant over the slug beam).
The model is mest accurate for z values just slighily larger
than z.r¢. This equation is used as & guide for designing a
photoelectric injector by determining the best position £,
for lens placement. One uice feature of the boundary
conditions in this case is that the minimum emittance
location cccurs near a waist 3o the beam is well focused.
Thisis not true in general,

[n addition, it was shown that if the beam expansion
is similar (our earlier definition’ for linear space caarge!

d “P:,f-x’l_ 2)
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the analysis still holds for i as a function of 2. A solution
forc, is g.7en by
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F'rom 0q. (2) we kuow that
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divergence r ‘at: = —z: we can write the emittance as
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Agsin, it is easy to get an expression for a,; however,
recause in general 1(z) dependsona, it may be difficult to
Jerive an explicit solution for a, It is useful to remember
that the (<k2><p2>-<hp>"' term is a constant
independent of position.

Linear Space Charge with RF Acceleration

With rf acceleration, Eq. (3) changess. The beam
frame time ¢, is related to the laboratory longitudinal
position by
dz =/ypecid ity
and the beara and laboratory space-charge forces by
A = dpiyBe)

We can rewrite Eq. (3) as

;0 dz
2 2 1 1 .
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Eq. (4) can be integrated with a computer code if the form
of the accelerating gradient 1s known. At this point, it
would be nice if with L constantand r,’ = 0, we could get an
cxpression for z similar W Eq. (1), which would give us
guidancein placingourlens. Usingyg = 1 + Hiz +¢,) ay
for some constant H (which 1s not constant gradient, but
does lead w equations we can solve), then

Aljowing .niua.

v‘_}F
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at the minimum emittance location, with u, = ! - H:.

The resulting equation analogous o Eq. 1115

log u + urJHI".\hl
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84y u-1

Linear Space Charge with RF Focusing

If the beam expansion is sufficiently seif-simiiar,
then we can write an explicit solution fora,. If

r'=hip QAl2) —ippyaa Y
then
aL:N/M
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and the emittance i3

2= (<h3><pd> ~ <hp>)(N-a, MP

A solution still exists if we relax the similarity restraint tor
the focus, although the solution cannot be written
explicitly. Wa start with

r'= A —ar

with initial boundary conditions r = r,,and r' r at:

0. Then
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ASSWNE 4.7 15 pIeceWlse coDS'anl, we can wrile a comouter
code to iterate r and -  wer regions of constant fueusing
Under certain condiuons, the addition of the rf focusing
will effecuvely change the initial conditions ».. =, and r*
for the nonfocusing case. For example, if we have a beam
with constant focusing s for a distance z,, followed by a
drift of z, w0 a lens with focal leagth ! s, and with a final
dnft z, the earlier analysis holds if we replace

co by rycos Va gz - ry'sin Vaeg va
-, by r)'m.»E;, ~ ryvawun v:zr

and
|n \r'; :!)
for sufficiently small (\/:z,) (the error is of orer (Va z,)4).
Other Mechanisms
Nonlinear Space Charge

Nonuinear space-charge effects cannot in general be
removed. Thus for the weak focusing limit, the criterium
of Eq. t1) must be used to minimize the non-similer beam
expansion, As you wili gsee in the last section with this
criterium, the nonlinear space charge is still not negligible.
In addition o non-self-similar beam expansion, noulinear
space charge can occur from beam divergences and
coavergences. With a beam angle of ¢, the emittance grows
like

CuVE e o

£E2 V2 Ao ‘24',1,30
for a drift of length z 1nd a bunch of length L. The Arst
term is a constant for any angle, but the second term grows
for largerv.

Noglinear Time-Independent RF Fields

This term refers to the nonlinzar component in the rf
fields. i.e., the compcnent that deviates from

Ecrer - Eyizircosiwt + ¢) (8)

An earlier work has calculated cavity shapes for linear rf
fizlds for sufficiently low enough frequencies that the
alectrostatic solutuon can be used.® An extension t
cleciromagnetic fields 1s possible and necessary; ut 1.3
GiHz, - - nonlineanty of the fields contribute sumething
itke 1) rmm-mrad to the normelized 90% em.ttance.

l.inear Time-)ependent RF Flelds

For nne of the cases we will consider in the next
section, the «mittance of 15 »mm-mrad arises from a
«ombination of 11 « {rom the nonlinear space-charge effect
and 11 virom the hinear time-dependent rf flalds for a pulse
of 20 ps. This lest efTect occurs from the time dependeacy of
therf fields. We assume the rf fields ubey Eq. (8). Then the
form of the emittance resulting from the time dependency
iy

SR YN TR YL TLne deam o all de S-oroo=r o A
etfects sma.ler inU. a2 nonLRedr space [nuargs oo
appear  With zers charge .a tne neam. & .5

euminate this effeet with a third-harmon.e s
‘following each iindc section because there wil! ne nu ria.a;
mixing. lowever, with space charge, the rac:a; mux:ng
destroys the correlation before the third-harmonic cavizv
To reduce this effect with space charge. either a third-
harmonic component must be introduced into each o1 the
first cavities or the constant £, must be reduced for eacn
one. The constant £, can be reéuced by proper selectiun of
the parameters y and W in the iinear field solutiun
extension of Ref. 4 for electromagnetic fields.

A second effect from the time-dependeat nature of the
rf fields is the time-dependent acceleration of different
particles. If the pulse is sufficiently long so that different
particles of the beam bunch have different reiauvistc
velocities when they encvunter the lens. then the linear
space-charge term will not be completely removed. This
effact is aggravated if the lens position is near the first
cavity. There the different energies between particles can
be quite large. This effect can be as big us 130
nmm-mrad for a 50-ps pulse with 20 nC for a 1 3-GHz
structure. One way to reduce this 2ffect is to introduce :uny
drift regions that bring the lens position downstream trom
the first cavity so that the energy spread will be a luwer
percentage.

M. T PRATE LI

Simulations of Generic Design

For a generic design. we will use a photwelectric
injector with a magnetic lens. There is a bucking coil 30
that there is no flux at the cathode. The four variables in
the design are the

® accelerating gradient profile,

® initial cathode size,

® initia! beam di vergence, and the
® rf {ocusing in the first cavity.

We assume the magnetic field profile of the lens enters
only in the form /B, duy.

Operating at 1.3 GHz, we select gradients uf 26
MeV/m for the first two cells and 8 MeV.m for the re-
maiuder, grouping 15 cells in each linac tank. The selected
n-mode structure with linear rf {lelds for all cavities has no
graded beta section. The first cavity is half the size of the
other cavities; therelore, the cathode is planar (r," = 0 1,
and there is no rf focusing in the first cavity.

We see in Fig. 2 the effects of varying the lens
position for the above conditions. Figure 2a shows that tur
the correct lens position, the emittance minimum and the
heam focus occur at the same locetion downstream. The
usymunetric shape of the emittance curve i3 caused by
acceleration of the electrons. [f we move the lens upstream
and vary 18 strength so that the emittance minimum
occurs at that same location, we ubserve a benm wii-t

before the emittance mumimum (Fig. 2b), which ., in
ngreement with Eq. (1), If we move the lens downstream
and vary its strength, the emittance minimum now necurs

hetfore a beam crossover (Fig. 2¢). Although kEy 1o
indicates that a beam croasuver occurs before the emittance
minimum, we were lorced W decrense the strength ot the
lens hecause Lthere 13 unacceptable emittance growth trom
the unonumilar beam compression.  Becnuse the iens
strength 1s incorrect for this case, we expect a larger
emittance than in the nther two cases, However, this etlect
14 minor compared W the additional emittance growth trom
the rf effects and nonsimilar heam expansion as the henm
vxpands W a larger vize befure it reachey the lens position
further downstream.
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Fig. 2. Radius (solid line) and 90% normalized
emittance (dashed line) of the beam as a function of
longitudinal position for (a) corrcet lens placement, (b)
lens too near cathode, and (c) lens too far from cathode.
Cathode pogition is at the far left edge of plot.

Coanclusion

A photoelectric injector design analysis has been
presented. This analysis includes electrustatic and rf
focusing and acceleration. The ¢mit'ance growth from the
dominant mechanism has been shuwn to be eliminated

TEdIUGLAL TN LlAalile FCDL'ALLH& PO Jdie ruiler i [N~y
The pnotoelectric injector with a single lens can ne Z.ed as
a generic design. Additional lenses are \nciuded & tne
electrostatic focusing term. Computer simulatiuns uf s
design show good agreement with the analysis.
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